Arabidopsis thaliana has recently become the focus of much attention as an experimental material in plant molecular biology (2, 7) . Although more than 300 mutants of this plant have been accumulated during 30 years of experimentation (5), the only known auxotrophic mutants are those which require thiamin2 and its precursors. Much discussion from various standpoints has been presumed in a search for the reason for this puzzling phenomenon (10) . Thiamin-requiring auxotrophic mutants may be useful as materials for plant molecular biology, for example (a) in the study ofgenetic control of metabolic pathway in plants, (b) as a marker in gene transfer experiments (11) , (c) as the starting gene for "gene walking," and (d) as a model for the breeding of artificial plants which produce excess amounts of thiamin. In order to exploit these possibilities, we have initiated a study of a mutant of A. thaliana that requires thiamin.
The mutants of A. thaliana that require thiamin for growth ' This work was supported in part by a grant-in-aid to Y.K. for scientific research from the Japanese Ministry of Education, Science, and Culture. 2 Although the word "thiamine" is generally used, "thiamin," which is recommended by IUPAC, is employed in this article.
have been mapped to three loci (5 RESULTS AND DISCUSSION Production of Thiamin and TMP. First, we measured the timedependent production of thiamin and TMP in crude extracts of wild type and a th-J mutant from two substrates OMP-PPi and TH-P (Fig. 1) . The amount of TMP increased with the duration of the incubation for 60 min in the extract from Columbia wild type. The quantity of thiamin also increased (Fig. 1) . The production of thiamin PPi could not be detected (results not presented) in the reaction mixtures, which contained no added pyrophosphate donor needed for the pyrophosphorylation of free thiamin and no external phosphate donor needed for the pyrophosphorylation of TMP. These results demonstrated that the crude extracts from wild plants contained the two enzymes that catalyzed the condensation of TH-P and OMP-PPi to TMP and the dephosphorylation of produced TMP to thiamin. Then, the activity ofthe former enzyme, TMP pyrophosphorylase, is measured by amounts of TMP and thiamin produced in our reaction system. On the other hand, we could not detect significant amounts of thiamin and TMP in reactions with extracts from the th-J mutant. Thus, the th-J mutant is defective for both activities or for the activity responsible for TMP production. th-J and wild-type strains were investigated. As shown in Table  I , TMP phosphatase activities were found to be the same level in both th-1 and wild-type strain. Thus, this result suggests that the enzymic lesion in the th-J mutant occurs prior to the TMP phosphatase reaction and is consistent with the evidence presented above that the th-J mutant has a defect in TMP production. Gel Filtration Chromatography. In order to confirm the above results, these enzymic activities were examined after separation of proteins by gel filtration chromatography. Figure 2 shows the pattern ofgel-filtration chromatography (Sephadex G-100 superfine) of each enzymic activity. The pattern clearly shows that two enzymic activities, TMP pyrophosphorylase and TMP phosphatase, were separated from each other by gel filtration. The Mr of the major peak of TMP pyrophosphorylase is estimated to be about 100 kD, while that of TMP phosphatase is about 10 kD (calculation not shown). The th-l mutant was deficient in the peak that corresponded to the activity required for the production of TMP. The TMP phosphatase activities were found in both th-I mutant and Columbia wild type.
Accordingly, the results of the present study show the production of TMP and thiamin from the substrates of TMP pyrophosphorylase. The results conformed to the suggested pathway of the production of thiamin PPi in many organisms (8) . Figure 3 depicts schematically the biosynthetic pathway suggested by this study.
Properties of the Enzyme. Some properties of TMP pyrophosphorylase were examined with crude extracts from wild type plants. From the results described above, the activity of TMP pyrophosphorylase in the crude extract was represented as the total amount of thiamin and TMP produced. The optimum temperature of the reaction was 45°C. The Km values for the substrates were calculated (Table II) . Earlier reports by Mitsuda et al. (8, 9) presented evidence for the existence of the enzyme in some higher plants, such as cabbage, Japanese radish, rape,
